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ABSTRACT 
The objective of th i s  program is to carry out investigations of solid-state 
traveling-wave amplifier techniaues with emphasis on those problem areas  
cri t ical  t o  the  future u s e  of these techniques in satellite applications. 
Particular tasks  include development of improved tr- , elimina- 
tion of spurious oscillations , evaluation and selection of optimum semi-  
conductor materials, and investigation a&e??luation of properties of 
solid-state tra 
*- III - 
_ _  - iepwnitr 
roce s s. 
*%a Jr**vi z i 
The major program efforts during the period covered by this report were 
devoted to theoretical investigations of microwave amplifier processes 
and materials and to  the analysis of a noise figure measuring scheme. 
Emphasis was placed on the development of the  conditions for oscillation 
free amplification and low noise. 
The development of thin f i l m  transducers has p r o g r e  s s e d to  a very 
satisfactory point m o r t  has a l so  been devoted to  the analysis of the 
requirements for an rf impedance matching network t o  match into the 
-- ---nus&- 
amplifier's acoustic transducers. This network is designed to  offer 
dband rf coupling. P
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I. TECHNICAL DISCUSSION 
A. Introduction 
1. Objective 
The objective of this  program is to carry out investigations of solid-state 
traveling-wave amplifier techniques, with emphasis on those problem 
areas  critical to  the future use  of these techniques in satellite appli- 
cations. Particular tasks  include development of improved transducers , 
elimination of spurious oscillations, evaluation and selection of optimum 
semiconductor materials, and investigation and evaluation of properties 
of the solid-state traveling-wave amplifier process. An ultimate objec- 
tive is a conclusive over-all evaluation of the solid-state traveling-wave 
amplifier as a device to perform a s  a conventional traveling-wave ampli- 
fier with the unique advantages of the solid state. These key potential 
advantages important to satellite applications include inherent simplicity, 
ultralight-weight, unusually small size, broad bandwidth characteristics, 
long life, radiation resistance,  and high reliability under the arduous 
space  environment from launch through orbit. 
2. Program Plan 
The objectives of this program are to be achieved by performing the 
following coordinated set of tasks: 
TASK 1 : Developing Improved Transducers 
This phase involves study, fabrication and evaluation of materials and 
processes for improved microwave-frequepC;y acoustic-wave transd u c e u .  
Major emDh will be placed developing ferromagnetic and piezo- 
electric thin-film transducers and associated thin-film impedance matching 
layers. This topic will be investigated in considerable depth since the 
development of improved transducers is critical to subsequent phases of 
the investigation. 
- - rr’ 
,rcc 
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TASK 2: Eliminating Oscillations 
This  phase involves testing and  proving the effectiveness of proposed 
techniques for suppressing spontaneous oscillations in the amplification 
process. These techniques inc lude  suppression of oscillations due to  
reflected waves and elimination of oscillations due to external feedback. 
TASK 3 :  Investigating Optimum Materials 
Using the improved transducers and tes ted techniques for eliminating 
oscillations of the first and second tasks ,  the most promising acoustic 
amplification materials will be evaluated. Particular emphasis will be 
placed on choosing the material offering the highest possible operating 
efficiency as a microwave amplifier. 
TASK 4: Evaluating the Solid-state Amplifier 
Results of t he  previous tasks  will be combined in  the design, development 
and fabrication of a model solid-state traveling-wave amplifier suitable 
for determining many of the performance characterist ics of the amplifica- 
tion technique. This investigation will provide initial data on s ize ,  weight, 
gain, efficiency, bandwidth, frequency range, noise performance, life and 
reliability. 
3 .  Progress Summary 
The major program efforts during the period covered by this  report were 
devoted to  theoretical investigations of microwave amplifier processes 
and the most applicable materials according t o  their various electrical  
and acoustic parameters. Time w a s  a l so  devoted to  the analysis  of a 
technique which has been developed for the measurement of amplifier 
noise figure. Emphasis was placed on the requirements for designing 
a n  acoustic amplifier with the lowest possible noise figure a n d thus 
-3-  
. 
oscil lation free. A technique has a l so  been investigated w h e r e  i n 
oscil lation may be eliminated by inserting a n  attenuation section much 
as is used in an electron beam TWT amplifier. This work is coupled to 
the advanced development of thin-fi lm transducers which are so vital to 
amplifier development. 
The development of thin-film transducers has  progressed to  a very satisfactory 
point in that longitudinal-wave piezoelectric transducers are  well under- 
stood and quite reproducible and shear-wave transducers appear t o  be very 
practical. 
wave transducers should be practical for advanced testing within the next 
quarterly period. Satisfactory results have a l s o  been obtained using ferro- 
magnetic thin-film transducers. Also in order to couple rf energy into these 
transducers over a broad frequency band, considerations have been made to  
employ an rf impedance matching network. 
The experimental work thus far completed shows that shear- 
The only thing presently blocking the testing of presently designed amplifier 
models is the bond making difficulties described herein. A heavy concen- 
tration will be put on this  fabrication immediately and the problem should 
be overcome so  that testing can be resumed early in the next quarter. 
The results achieved thus far i n  the  d e v e 1 o p m e n t of transducers, 
investigations of amplifier processes, materials and noise measurement 
considerations, as well a s  the various fabrication and processing tech- 
niques thus far developed form a firm base for the accomplishment of this  
program as per the original schedule. 
B. Amplifier Processes and Materials 
01 
A- a n  be amplified in piezoelectric semiconductor crystals  
in much the same way as a n  electromagnetic wave is amplified in  a 
traveling- wa ve tube lY 2 * 3 y  ‘r The anology being that the  drift electrons 
- 
*See Section IV for a l l  references. 
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caused by a bias field across t h e  semiconducting crystal  are  much l ike  
the electron beam in a TWT and the electric field caused by the acoustic 
wave in the piezoelectric crystal takes the place of the circuit wave in 
a TWT. The amplifying process can be described as  follows. 
When an ultrasonic wave travels through a piezoelectric crystal  an  
alternating electric field is created. Since the crystal  is a l s o  a s e m i -  
conductor, this  electric field causes currents to  flow which in  turn 
accumulate space charge in  the crystal lattice and causes  the electric 
field to  lag the strain. The portion of this periodic space charge which 
is present a s  mobile carriers causes a modulation in the conductivity 
such that, when a bias field is placed across  the crystal, a n  ac field is - 
produced which is proportional to the modulated conductivity. Now, under 
the condition that the drift velocity of carriers in  the medium exceeds the 
sonic velocity a condition is produced such that the total  electric field 
in the medium, the sum of the field created by the acoustic wave and *vk- the  .r
field caused by the bias field across the medium with a modulated con- 
ductivity, causes  the s t ress  to lead 
the traveling acoustic wave. Under any condition where the drift velocity 
does not exceed the sonic velocity the s t ress  lags behind the strain in  a 
piezoelectric crystal  and consequently the acoustic wave is attenuated. 
> 
\ 
I-..-&&&' I u 19-1 - . 
--.-we +.-I- - --
rain and thus deliver power to 
-,-*--a t 
L 
The equations of state for propagation of an ultrasonic wave in  a piezo- 
electric medium, where plane wave propagation is assumed, can  be written 
a s  
T = CS - e E  
D = ~ S + E E  (2 1 
where 
T = st ress ,  
S = strain, 
E = electric field, 
D = electric displacement, 
C = elast ic  constant, 
e = piezoelectric constant, and 
E = dielectric permittivity. 
- 5- 
These equations have been analyzed for a piezoelectric semiconductor 
and to follow the notation of White2 the acoustic gain per radian, a(v/w) 
is represented a s  
w 
C _. 
K2 y w  
a[;] =T u) 2 2 
1 + c  2 2  ( l + & - )  
v u  
where 
a = attenuation in Np/cm, 
v = sonic velocity, 
w = radian frequency, 
2 2 K = (electromechanical coupling)' 2 e . 
C E  
Also, 
0- 
C E  
w = - = dielectric relaxation frequency, 
2 
- = Diffusion frequency 
wD kTpf 
where 
u = conductivity, 
q = electronic charge, 
k = Boltzmann constant, 
T = absolute temperature, 
p = mobility, and 
f = fraction of space charge present, 
and 
(3)  
(4) 
(5) 
where 
E = bias field, and 
0 
= electron drift velocity. 
uO 
- 6- 
It is well to  point out at this time that trapping is very s m a l l  and f 2 1 as  
long as  1/w << T ,  where 7 i s  the relaxation t i m e  for electron trapping. 
From the experimental work of Uchida, et a ~ ~ ,  this  condition is satisfied 
for all frequencies of interest to this  project so that f will henceforth be 
considered to be unity and thus will be neglected in future considerations. 
Applying Eq. (3) to a specific crystal and writing the gain in  units of db, 
one arrives at 
.-2 v \ v  ' I  
(7) 
where 
L = the length of the crystal. 
Since one wishes t o  use  this crystal as  a n  amplifier, parameters must be 
selected such that the device is  unconditionally stable. Thus, the device 
must not oscillate even for complete  reflection of the signal at both ends 
of the crystal. This means that the forward gain must not exceed the re- 
verse attenuation which can be derived from Eq. (7) by letting v take on 
a negative sign. This condition can easi ly  be shown to exist for 
Since Eq. (8) must hold for all frequencies the right hand s ide must be 
minimized with respect to w, t h e  operating frequency. Otherwise the device 
will be stable at the operating frequency but will break into oscillation at 
s o m e  other frequency. The RHS of Eq. (8) is minimized at 
2 
w = w w  c D  (9) 
-7- 
which is a l s o  the frequency of maximum gain, a s  one would expect and 
as can be seen by maximizing Eq. (7). The result is that Eq. (9) mus t  
hold and the  bias field mus t  be adjusted such that 
Using this in Eq. (7), the maximum stable  gain is given by 
G 
st 
In selecting amplifier crystals  it is of interest  to  investigate how various 
ratios of w c / w D  effect the system. To do this ,  one can plot gain as a 
function of uo/v for various values of uc/wD a s  shown in Fig. 1. A study 
of this  figure indicates that  for the sake of stabil i ty one should operate 
with wC/wD as large as  possible. In fact, for wJw,, = 0.1 one notes that 
a change of only 18 percent in  t h e  bias voltage (uo/v being a direct mea- 
sure of bias) changes the gain from zero to  the instabil i ty point. For 
higher values of wc/wD this  condition is relaxed considerably. From 
E q s .  (4) and (5) one has  
Thus, one should pick a material with the highest possible mobility. Large 
values of conductivity a l s o  appear favorable hereJ but the selection of 
conductivity is a l so  determined by dc power requirements and the fre- 
quency requirement of Eq. (9). Actually it is desirable to  operate at high 
frequencies so conductivity is generally made a s  large as reasonably 
possible anyway, so for stability reasons one is still led to  pick a material 
with a s  high a mobility a s  possible as long as the  resulting gain is still 
high enough for the design requirements. Typical parameters of amplifier 
-a- 
air; 
!in units of 
w 
1.8 : c  - 
*D 
w - - 1c L-:"D , 
5 2 3 4 i 
% -
v 
-0.6 
-0.7 
-d.6 
icj .  1. Plot of gain as  a function of 1 1  /v for various values of w /w 0 c' D' 
.:ate: The x signifies the  point where the  sys t em becomes unstable. 
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materials which are available are given in Table I. A quick study of this 
table reveals that for maximum stability one should choose GaAs or even 
CdSe but for high gain one is led to  pick ZnO or CdS. Thus a n  experi- 
mental study will be necessary in order t o  pick out the m o s t  practical 
material. 
As mentioned earlier, another consideration that must be made concerns 
the dc bias power consumed and thus heating of the system. The power 
consumed can  be written as  
2 p = -  v2 = uLAEo O R  
where 
V = bias voltage, 
R = resistance of amplifier as  seen by the bias supply, and 
A = cross  section of amplifier. 
If one now considers the case of maximum stable gain, the corresponding 
power consumed is 
Pst - a A V 2  2 ( 1 + 4 % )  
I-! 
From this and Eq. ( 1  1 )  one can ge t  the ratio of power consumed per db of 
electronic gain 
3/2 
watts 3 
2 2  [ 1 + 4 $ )  db 
Pst 2uA v 
Gst 4 . 3 4  p K wc 
- =  
Equation ( 1  5), thus,gives a good means of comparing the parameters of 
various crystals as  far as  efficiency is concerned. A better way is to 
calculate the power consumed per db of actual gain; however, sufficient 
data is not presently available concerning the acoustic attenuation in  the 
materials of interest. To give the reader another comparison of the mate-  
r ials l isted in  Table I, Eq. (15) is plotted as  a function of frequency in 
Fig. 2. 
-10-  
u n 
d 
Y 
n 
4 
Y 
h 
4 
Y 
h r- 
Y 
n + 
Y 
a, 
a, 
0: 
+l h 
Y 
9 
n 
9 
Y 
0 
In 
N 
0 
Ln 
N 
0 
0 co 
In 
0 
0 
N 
0 
0 
N 
0 
0 
9 
0 
0 
9 
In 
0 
d 
x 
In 
r- 
4 
In 
0 
d 
x 
In 
T 
M 
In 
0 m 
4 
a, 
4 
d 
& 
c, 
5 
& 
a, 
r;= 
d 
m 
0 
4 
x 
m 
+ 
rl 
0 
d 
x 
9 
d 
In 
0 
4 
x 
co 
M 
In 
0 
4 
x 
In 
d 
d 
x 
rr) 
r- 
N 
-;r 
N 
0 
0 
0 
N 
G 9 rr) 
0 
Ln 
d 
d 
0 
rr) 
Ln 
0 
0 
r- 
0 
0 
d 
r- 
0 
d + 
0 
0 
-4 
4 0 0 
h F 
0 
0 0 
d 
0 
d 
x 
m 
N 
0 
d 
0 
x 
d 
N 
r- 
0 
d 
0 
d 
m 
0 
d 
m 
0 
d 
x 
03 
m 
0 
rr) 
c, 
4 
v 
03 
0 
d 
x 
d 
x 
M 
m 
x 
In 
d 
x 
e 
d 
2 
4 a 
4 u 
4 
a 
3 
h 
4 b 
0 
N 
4 
d 
b 
0 
N 
d 
4 
x 
In 
N 
4 
b 
0 
N 
4 
d 
b 
N I E u 
4 
b 
0 
N 
d 
d 
x 
N. 
4 
b 
0 
r\l 
d 
4 
x 
N 
d 
d 
d x 
d 
0 
4 
I 
C 
r: 
d 
x 
r- 
rr) 
d 
x 
r- 
M 
4 
X b 
0 
c\1 
A 
4 
d 
d 
d 
b 
3 
Y 
u 
L4 
4 
a, c cn 
& 
4 
2 
& 
4 
Q, c cn 
L 
4 tr c 
0 
d 
r: 
0 
+I 
a, c 
m 
c 
0 
d 
r4 cn 
-4 
4 
a, cn a u 
m 
4 
a, cn s cn cn 0 r: N 0 c N a u a u 
- 1 1 -  
l o R  10'9 l0l.O 
r'requency (cps) 
Yiq. 2.  3 a s  power consumed ds a function of frequency under zonditiorl 
of r i a x i ~ u m  stable gain. 
-12- 
The reader should keep in mind that Fig. 2 is plotted under the restriction 
of maximum stable gain and not maximum gain or maximum efficiency. Be- 
cause of previous problems with amplifier oscillations y as  experienced by 
other researchers, the initial amplifier designs will follow the criterion of 
stability as suggested above. 
Analysis has ,  however, been conducted concerning ways of increasing the 
maximum gain and/or efficiency, and as t i m e  and importance specify, they 
will be incorporated into the amplifier. 
It was concern for oscillations in the amplifier which resulted in the 
restrictions of E q s .  (9) and (10). It has  been suggested by May that 
these  criterion can be relaxed by using an  attenuator section which is 
very much l i k e  the amplifying section except that  the bias voltage is ad- 
justed so as to operate with no gain or attenuation i n  the forward direction 
but with attenuation in  the backward direction. This is suggested by Fig. 3, 
and the crude curves drawn i n  Fig. 4. (These are  not calculated curves and 
they are  only meant to be suggestive of the data reported by May.) 
8 
1 .  Input Transducer 2, 5, Buffer Crystals 3. Amplifier Section 
4. Attenuator Section a s  6. Output Transducer 
Suggested by May 
Fig. 3 .  Acoustic amplifier with attenuator section incorporated. 
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caust ic  c ' r  stal  attenuation 
of seztic n 3 cr 2 .  
4 
c, tu 
3 c 
Q) 
c1 
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E 
c 
d 
$ 
\- -Electronic Gain of 3 - 
Frequency (c) Plots af qain i n d  10-s for the device 
with and without 3itenuator being used. 
Fig. 4. T y i c a  1 ch3racteristic curves for the amplifier and attenuator sections 
:Jf the device suggested in  Fig. 3. 
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A s  can be seen  from Fig. 4 ,  without the attenuator section there is a 
frequency where the forward gain is larger than the backward attenuation 
and thus an  unstable condition depending on end reflections. This is then 
overcome by the attenuator section which essentially doubles the back- 
ward wave attenuation but does not appreciably affect the forward wave 
gain. This scheme appears very attractive and in fact, is very similar t o  
the way oscillations are kept from building up in electron-beam TWTs. The 
scheme does,  however, m a k e  t h e  device slightly more complicated and one 
must remember that reflections off the boundaries of section (3) of Fig. 3 
will  still allow oscillations t o  build up in that section. This demands low 
reflectivity bonds around section ( 3 )  which may or may not be presently 
available. 
Figures 3 and 4 have demonstrated how maximum gain can  be obtained 
from the amplifier crystal. It i s  a l so  of interest to investigate the condi- 
t ions for minimum bias-power consumption for a given gain and frequency 
requirement. To do this it is still desirable to maintain the stability cri- 
terion of Eq. (3) so that one need not be overly concerned with reflections. 
It is very difficult to determine minimum dc  power consumption for a com- 
pletely general case so this  will not be treated here except to make  several  
comments about this condition. Let  it be sufficient to note that the neces- 
sary calculations have been made for several  special  c a s e s  with given 
requirements of bandwidth, gain and frequency, and the conditions of 
minimum bias power have been determined. 
In the above work two requirements have been m e t ,  both of which, when 
relaxed, will yield higher efficiency. These requirements are 
and 
2 w = w w  c D  
-15- 
One can  verify, by taking a specific example, that efficiency is increased 
i f  one lets 
and 
where a > 1 and/or b<l. 
which is higher than the frequency at which maximum gain occurs. Thus, 
using this  criterion, one m u s t  make special  arrangements so  that noise of 
a lower frequency than that of t h e  signal does not build up. Equation (19) 
amounts to  operating at a bias voltage which is somewhat less than that 
at which instability occurs. For a given value of gain this may amount to 
making the amplifier section longer than its minimum length so that better 
efficiency can  be appreciated. Also, one should keep in mind that, depend- 
ing on the final application of the  amplifier, noise considerations should 
be made. These considerations are also dependent on the crystal length. 
Equation (18) amounts to operating at a frequency 
Since the bias power varies directly a s  the cross-sectional area of the 
amplifier, and gain is not affected by this dimension, it is of prime ad- 
vantage to  make the area as small as possible. This will have s o m e  
iimitation on the maximum acoustic beam size, but from past  experience 
a t  MEC s m a l l  beam diameters of the order of 0.025 inch are  quite easy  to 
generate efficiently. To keep t h e  device quite rigid and of enough m a s s  
so that heat dissipation will be no problem, it has  been decided to pot 
the amplifier in  epoxy and put the compound amplifier section in place of 
the previously used amplifier wafer a s  shown in Fig. 5. 
The amplifier crystal must be potted in a clear, nonconducting, rigid 
potting compound whose lapping and polishing characterist ics are  similar 
-16- 
1. Transducers 2. Buffer Crystals 3 .  Amplifier Crystal 
4. Epoxy 5. Ohmic Bias Contacts 
Fig. 5. Cross sectional view of acoust ic  amplifier. 
to  those of the amplifying crystal and whose curing and temperature 
properties are  appropriate. The hardest combination of requirements to 
sat isfy simultaneously a re  that the potting compound be clear  (so that 
the amplifier crystal ' s  conductivity can  be adjusted with light as it can  
in CdS), be able to  withstand t h e  temperatures used in bonding, and at 
the s a m e  t i m e  have lapping and polishing characteristics similar to the 
amplifying crystal. Since it has been decided to use  CdS a s  a basic ex- 
perimental material, because of its good characteristics and availability 
in good single crystals,  the research thus far has  been centered around 
finding an  appropriate compound for potting small CdS crystals. The best 
material that  could be found was Maraglas 665A, crystal-clear thermo- 
setting plastic . It has  been demonstrated that this  compound fulfills all 
requirements with the possible exception of the thermal requirements during 
bonding, which have not as yet been tested. Al l  indications are ,  however, 
that  this requirement will a l s o  be satisfied. 
9 
It is well to mention that the lapping and polishing techniques a re  quite 
specialized in that some abrasives wear away the two materials a t  dif- 
ferent rates. It was found that i f  30 micron diamond paste was used for 
-17- 
the  rough lapping abrasive (this wears the materials a t  different rates) 
and then the final lapping and polishing were carried out using first 
1-micron alumina powder in a water solution and then 0.3 micron alumina 
in a water solution on s i lk ,  then the final crystal  can  be made to have 
surfaces which are both plane and parallel, as they must be. The photo- 
graph of Fig. 6 shows an example of a potted amplifier section which was 
constructed as suggested above. 
C. Noise Figure 
Oscillations and noise sources are of prime interest to this  project so a 
method has  been devised that will measure the noise figure of the amplifier. 
This method incorporates the design of optimum length buffer crystals used 
in  conjunction with an  amplifier section whose gain is set equal t o  the loss 
i n  the total  structure. This allows one to admit a signal at the input and 
keep the signal reflecting back and forth in the device, being amplified 
each  t i m e  it passes  through the amplifier section, until it is lost  in the 
noise which will build up in the system. A measure of the t ime  required 
to saturate the signal with noise gives a direct measurement of the noise 
figure of the amplifier. A s  long a s  oscillations occur in the amplifier this 
noise figure will be quite high, s ay  10 or even 10 , but once oscil lations 
a re  omitted then the noise figure will decrease significantly. It is felt 
that  a reasonable value of noise figure to work for is that obtained when 
considering shot noise. This situation has  been analyzed by Quate" and 
he arrives at the value 
4 6 
To get an idea of what this  value might be one can  check the example of 
longitudinal waves in CdS a t  room temperature. If the device is adjusted 
to have maximum stable gain then the noise figure of the amplifier will be 
about F = 1.19. With the present s ta te  of the art  this can be thought of 
as  a very opt imis t ic  value. 
9 
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Fig. 6. Photograph of potted amplifier section. 
-19- 
D. Fabrication of Amplifier Model 
An initial experimental amplifier model was designed and fabricated 
during this  period a s  shown in Fig. 7. This model was designed to amplify 
acoust ic  signals a t  1 . 1  Gc. The buffer rods are  Z-quartz (1.3 centimeters 
long) with thin-film CdS longitudinal-wave transducers deposited on each 
end. Each transducer was measured to have a conversion efficiency of 
-15 db. The amplifier section is  made up of a 0.020-inch thick, grade A 
CdS wafer, polished flat and parallel and bonded to the quartz delay rod 
with indium. The entire unit has been potted into its coupling circuit for 
rigidity. Drift field connections were made to the surfaces of the CdS 
waver a s  shown. This particular amplifier unit did not operate a s  well a s  
expected due to poor acoustic bonds between the propagation crystals and 
the amplifier crystal. Tests of the device revealed that much of the acoust ic  
power was being reflected from the bonds on each interface. These reflec- 
tions were sufficiently strong to  negate the improvement in delay perform- 
ance  provided by the amplifier. 
The bonds used in this first-model amplifier unit were quite thick (about 
500 Angstroms): however, this should not account for their nontransmission 
properties. The temperature was a l so  not optimum when these bonds were 
fabricated. Experiments are  presently being carried out to improve the 
reliability of the bonding technique and to simplify the rather complex as- 
sembly procedure for the multielement amplifier units. As the bonding and 
assembly techniques are  refined another amplifier of a similar configuration 
will be assembled and tested. The next model will, however, be made using 
special  optically-selected CdS crystals which were purchased from Clevite. 
These crystals are  photoconducting with possible values of conductivity as 
high a s  about 10 per ohm centimeter under high filtered illumination. 3 
In order to improve conversion efficiency over substantial  bandwidths, using 
piezoelectric thin-film transducers, analyses  have been performed on broad- 
band rf-impedance matching networks. The first s tep in optimizing the 
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b .  
Fig. 7 .  Photograph of amplifier model using CdS thin-film transducers 
on Z-quartz and integrated CdS amplifier. 
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electromagnetic circuit is to characterize the transducer in an  equivalent 
circuit. The measured equivalent circuit for a CdS thin-film transducer 
consis ts  of a resistance,  RsJ in  series with a parallel combination of a 
capacitance,  C, and a resistance Ray as shown in Fig. 8. Rs is the re- 
s is tance of the f i l m  contacts,  C is the capacitance of the insulating film, 
and Ra is the effective load resistance presented by the acoustic system. 
Since the objective is to maximize the power transferred to Ray it is im- 
portant to minimize both C and Rs. In particular, i f  Rs can be made s m a l l  
compared to  l/oc, essent ia l ly  all  of the voltage will appear across  the 
parallel equivalent components as  shown in the figure. 
Filter design theory has  been applied to develop a matching network which 
will provide both high efficiency and wideband operation. The first 
section of such a network is shown in the figure for a CdS f i l m  transducer 
with a center frequency of 1.5 Gc. Means for realizing this electrical  
network in the microwave circuit are  being investigated. 
Because of the complexities experienced in producing suitable acoustic 
bonds between amplifier and propagation crystals,  it is worthwhile to 
describe the bonding procedures. The first quarterly report showed a 
photo of the apparatus used for bonding acoustic crystals. A CdS wafer 
is chemically cleaned and attached to the end of an optically-flat quartz 
holder. This assembly is mounted on an  arm attached to  a rotary push- 
pull feedthrough in the vacuum station with the exposed s ide of the CdS 
facing downward. While the station is being evacuated, the CdS wafer 
is ion-bombarded to  remove the surface layer of sulphur atoms and leave 
a thin layer of cadmium atoms. A thin f i l m  of indium is evaporated onto 
this  surface and the wafer is then swung over the bonding apparatus. The 
apparatus consis ts  of a holder for the buffer crystal  and a vacuum bellows. 
By applying a gas  pressure to t h e  bellows (typically 2 0  pounds), the two 
crystals a re  compressed together and automatically align themselves by 
pivoting on a ball bearing on which the buffer crystal  rides. The bonding 
interface is then heated with a coil and allowed to cool. 
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Fig. 8. Coupiing circuits for optimum acoustic transducer efficiency and 
bandwidth (CdS f i l m  transducer a t  1.5 Gc). 
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There a re  apparently two problems with the present method. First, a very 
s m a l l  amount of regular vacuum grease was used to hold the CdS wafer 
in place during t h e  operation. This  grease apparently would flow under 
temperature and pressure. It has  been suggested that there is a special  
grease available which will overcome this problem. Second, it appears 
a s  though the combination of pressure and temperature is relatively criti- 
cal. The technique now being developed involves heating the interface 
very accurately and holding the bond under pressure for several  hours. 
A l s o  bond thicknesses of about one-half wavelength are  to be used to  
minimize reflections. 
E. Transducer Development 
The l a s t  quarterly report contained a section describing the operation and 
present techniques involved in  development of piezoelectric longitudinal- 
wave transducers. Since that t i m e  s o m e  work has  been initiated in the 
field of shear-wave piezoelectric transducers and ferromagnetic transducers. 
Following is a brief discussion of the work to  date. 
1. Thin-film shear-wave transducers 
One of the general properties of evaporated CdS f i lms  is their tendency to  
be deposited with the "C"  axis  of the crystal  oriented normal to  the sub- 
strate surface. This makes the generation of shear waves nearly impossible 
s ince the efficient generation of shear waves requires that the I'C" axis be 
in  the plane of the transducer. It is possible to shift the axis away from 
the normal by a strong annealing of the f i lm,  but this  is a rather undesirable 
a t tack on the problem because it has  a tendency to cause  random micro- 
scopic recrystallization of the fi lm and subsequent mechanical fractures. 
A new method used and reported by Foster" shows that f i lms  can  be de- 
posited on an  inclined substrate and the axes remain oriented at this  
evaporation angle. These transducers were shown to be nearly a s  efficient 
in  the generation of shear waves as normal-axis transducers were in the 
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generation of longitudinal waves. In addition, the discrimination between 
the two types of waves was greater than 30 db in most cases .  In view of 
these  reported results,  an  apparatus has  been designed and used to  evap- 
orate thin-film CdS shear-wave transducers. The results have been 
checked and appeared very favorable: however, due to  the preliminary 
nature of the measurements the results will not be described here but will 
be reported as soon as verified and completed. The resulting transducers, 
i f  suitably reliable and efficient, will  be used in future amplifier experiments. 
2. Ferromagnetic transducers 
Nickel and nickel-alloy thin f i l m s  h3ve the capability of being efficient 
high frequency high power acoustic transducers 12. Calculations have 
now been undertaken to  determine the  optimum coupling structure to  be 
used with these f i lms.  
The coupling structure desired must be capable of producing a n  intense rf 
magnetic field at the f i l m ' s  surfaces and also must be capable of operating 
over a broad frequency range. The dielectric resonator coupler13 is an  
efficient means of concentrating rf magnetic field into a s m a l l  volume, 
but imposes a n  important limitation in bandwidth due to  large values of 
resonator Q. 
The shorted coaxial coupling scheme13 has  the advantage of large operable 
bandwidth. However, no theoretical comparison has  been made on relative 
magnetic field strengths of the dielectric resonator coupler and the shorted 
coaxial coupler. Calculations, assuming a given power input, have now been 
been completed to compare these coupling techniques. 
For a given power input, the 
dielectric resonator is given 
maximum magnetic field obtained in the 
by 
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Assuming 
Q =  1000, 
f = 3 Gc, and 
q = 377 ohms, 
then 
For the shorted coaxial system the  maximum field is given by 
where r is the distance from the center conductor. For r = 0.0 10 inch 
a m p s  
0 max in meter IH I = 2 4 8  6 
From the above calculations one would expect only a slight degradation in  
conversion efficiency using the shorted coaxial system. Preliminary experi- 
mental resul ts  at 1800 M c  show a conversion efficiency of - 3 3  db with the 
dielectric resonator and -40 db  with the coaxial  system. Since the inherent 
efficiency of the magnetic transducers improves by as much a s  2 0  db as 
one goes up  in frequency, it is expected that nickel f i lm transducers in the 
coaxial  coupler structure will be extremely usefu l  in the development of 
higher frequency microwave devices. 
Using the coaxial structure, the bandwidth of the ferromagnetic f i l m  trans- 
ducer should be limited only by the linewidth of the film. The linewidth of 
the magnetic f i l m  is far more important in limiting the bandwidth of the 
transducer than the change in effective thickness of the f i l m  with frequency. 
From linewidth measurements of nickel, it is calculated that bandwidths on 
the order of 8 percent t o  16 percent should be obtained, and first measure- 
ments with the  coaxial structure produced transducer bandwidths of greater 
than 10 percent. This can be compared t o  bandwidths of a fraction of 1 per- 
cent using the dielectric resonator coupler. 
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A point of previous concern was the fact that the coaxial coupler produced 
rf magnetic fields that were less  uniform than those produced by the 
dielectric resonator. However experiments show no apparent difference 
in  the waves generated by the  two methods. 
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11. PROGRAM FOR NEXT REPORTING INTERVAL 
. 
The theoretical analysis of transducer techniques, impedance matching 
techniques, oscillation suppression mechanisms, reduction of noise, 
and materials investigation will continue. The experimental portion of 
the program will emphasize further improvement of microwave acoustic 
amplifier models with special  considerations given to  oscillation free 
amplification. Specific t a s k s  will  include: 
design, fabrication, and testing of advanced experimental 
development of a reliable bond making procedure, 
amplifier models, 
initial measurements of amplifier properties, 
development of reliable techniques of making shear wave 
piezoelectric thin-film transducers, and 
advanced development of longitudinal-wave piezoelectric 
thin- f i lm transducers. 
0 
0 
0 
Efforts will a l so  be devoted to fabrication techniques necessary for the 
rather complex amplifier assemblies necessary for this program. 
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111. CONCLUSIONS AND RECOMMENDATIONS 
From the analysis  presented in  this  report it can  be concluded that there 
a re  a t  least three materials, CdS, CdSe, and ZnO, which have relatively 
good characterist ics when the discussed stabil i ty criteria are i n v d e d .  
These materials, when operated as longitudinal-wave amplifiers, show 
the lowest power consumed per db  of gain when operating in the 1- to 
10-Gc region of the spectrum. It is well to keep in mind that shear-wave 
amplifiers are still t o  great advantage i f  future experimental work allows 
the relaxation of the stabil i ty requirements or i f  it is found that amplifier 
efficiency is not as important as presently considered. 
- _nr 
- *s 
.-a -- 
- 
The development of thin-film transducers has progressed to  a very 
satisfactory-.point in  that longitudinal-wave piezoelectric transducers 
are  well understood and quite reproducible and shear-wave transducers 
appear t o  be very practical. The experimental work thus far completed 
shows that shear-wave transducers should be practical for advanced 
testing within the next quarterly period. Satisfactory resul ts  have also 
been obtained using ferromagnetic thin-film transducers. 
- 
The only thing presently blocking the testing of presently designed 
amplifier models is the bond-makinq difficulties discussed herein. A 
heavy concentration will be put on this fabrication immediately and the 
problem should be overcome so that testing can continue early in the 
next quarter. 
+ 0- 
The results achieved thus far in the development of transducers, investi- 
gations of amplifier processes,  noise measurement techniques, and material 
considerations, a s  well as the various fabrication and processing techniques 
thus far developed form a firm base for the accomplishment of this program 
a s  per the original schedule. 
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